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Introduction
Within a firm, the allocation of capital to its highest value use is one of the most important roles of a manager. The central determinant of successful capital allocation is the precision with which a manager is able to identify cash flow prospects and apply appropriate discount rates for the respective investment decisions. Typically, the investment literature assumes that managers know, or behave as if they know, the probability distributions of the cash flows and discount rates related to potential projects. In other words, although project payoffs are ex ante unknown, managers feel confident in their assessment of investment payoff probabilities.
Recent theoretical work by Nishimura and Ozaki (2007) , however, argues that managers facing a decision regarding irreversible investment may not always have complete confidence in their perceived payoff probability measures. As Nishimura and Ozaki (2007) state, managers "might think other probability measures perturbed from the original one are also possible." This uncertainty regarding investment payoff-characterized by a set of probability measures rather than a single probability measure-is defined as ambiguity, or Knightian uncertainty. 1 The intuition developed in Nishimura and Ozaki (2007) draws from the large theoretical and experimental literature on ambiguity (e.g., Ellsberg, 1961; Bewley, 1986; Gilboa and Schmeidler, 1989) , which builds on Knight (1921) . 2 The purpose of this paper is to examine the impact of ambiguity on managerial investment and cash holding decisions. The ambiguity literature suggests that, in the presence of ambiguity, 1 The term 'Knightian uncertainty' is based on the seminal work of Knight (1921) , which points out that ambiguity is a fundamentally different concept than risk. Specifically, risk relates to known, or objective, uncertainty, as in the roll of a die, where the outcome probabilities are known, or the probabilities can be estimated with confidence. In contrast, ambiguity relates to subjective uncertainty, where outcome probabilities are unknown, and the decision maker fears the estimated model is incorrect. Note that, although both risk and ambiguity ultimately relate to uncertainty regarding project payoffs, ambiguity relates to uncertainty as to the probability measure governing those outcomes as well. In this paper, we use the term 'uncertainty' to mean either risk or ambiguity or both. That is, uncertainty is comprised of both risk and ambiguity. We use the terms ambiguity and 'Knightian uncertainty' interchangeably. 2 See Epstein and Schneider (2010) for a review of the ambiguity literature.
ambiguity-averse individuals behave as if they assume 'worst-case' outcome scenarios -i.e., they incorporate the worst possible payoff probability measure in their consideration set into their decision. With respect to managerial investment, ambiguity-averse managers place a lower reservation price on potential projects than would be predicted using a rational expectations framework (Nishimura and Ozaki, 2007) . As a result, their investment level declines, as anticipated project payoffs do not meet the lower reservation prices and they shift to holding riskless assets instead (Dow and Werlang, 1992; Epstein and Schneider, 2010) . Following this intuition, we predict that when managers find it more difficult to develop expectations of future investment payoffs (i.e., when they are faced with ambiguity), they are likely to reduce their capital expenditures and increase their cash holdings.
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To capture the impact of ambiguity, we develop our models of investment and cash holdings based on prior literature. In particular, we model a firm's investment decision using Euler equations (e.g., Whited, 1992; Hubbard et al., 1995; Love, 2003) , and we model a firm's cash holdings following Opler et al. (1999) . 4 Our proxies for ambiguity are the variance premium (Drechsler, 2010) and dispersion in forecasts of corporate profits by the Survey of Professional Forecasters (Anderson et al., 2009 ).
We then estimate the firm-level investment and cash holding models, where we include as our main variable of interest the macroeconomic ambiguity measures. Consistent with expectations, we find that firms, on average, tend to invest less in capital expenditures and hold more cash as macroeconomic ambiguity increases. To rule out alternative explanations related to 3 risk, investor sentiment, or economic output, we run our analyses controlling for idiosyncratic volatility (Dixit and Pindyck, 1994; Panousi and Papanikolaou, 2010) and market returns, the consumer sentiment index (Baker et al., 2003; Polk and Sapienza, 2004) , and real Gross Domestic Product (GDP) growth (Durnev, 2010) . In addition, we control for firm-specific factors, such as agency issues, compensation, earnings volatility, lagged cash holdings, and financing constraints.
Our results are robust to the inclusion of these variables.
To further support our assertion that it is indeed ambiguity, as opposed to risk, that impacts managers' investment, we examine how our ambiguity and risk measures each impact the value of investment opportunities. The standard intuition in the real options investment literature is that risk increases the value of irreversible investment opportunities because it increases the meanpreserving payoff spread (McDonald and Siegel, 1986; Dixit and Pindyck, 1994; Brealey and Myers, 2003) . 5 In contrast, the ambiguity literature suggests that ambiguity decreases the value of investment opportunities. Accordingly, we predict that increases in risk (ambiguity) increase (decrease) the value of irreversible investment opportunities. These differential predictions serve as a joint test of both the theory and our empirical measures.
Using contemporaneous Tobin's Q to measure the value of investment opportunities available to a firm, we regress Q on our measures of risk and ambiguity, controlling for other determinants of Q. Consistent with predictions in the real options investment literature, we find that increased risk increases the value of investment opportunities. Further, consistent with the theoretical predictions from Nishimura and Ozaki (2007) , we find that increased ambiguity reduces the value of such investment opportunities. Thus, our findings further support our assertion 5 See McDonald and Siegel (1986) and Dixit and Pindyck (1994) for detailed explanations of the relation between risk and irreversible investment under an option-theoretic framework. Empirical evidence supporting this contention can be found in Choi and Lee (2000) , Bulan (2005) and Grullon et al. (2008) , among others.
that macroeconomic ambiguity impacts management investment decisions in a different manner than does risk.
This study offers several contributions to current research in finance. First, we contribute to the ambiguity literature by providing empirical evidence regarding the impact of ambiguity on managerial investment behavior. In particular, we find that investment (cash holding) is negatively (positively) associated with ambiguity, even after controlling for risk, investor sentiment, economic conditions and several firm-specific factors. These findings add to the body of evidence from the nascent empirical ambiguity literature showing that market participants, on average, behave as if they are ambiguity-averse.
Second, we provide insight into how ambiguity affects corporate cash holdings. To date, empirical ambiguity research has focused solely on its effect on investment rather than on cash holdings. Our cash holdings analysis thus provides a more complete set of inferences about the effects of ambiguity by showing that firms not only reduce investment, but also increase cash holdings. This analysis also helps rule out alternative explanations related to risk.
Finally, we provide empirical evidence on the relation between ambiguity and the value of investment opportunities. Specifically, we find that ambiguity reduces the value of investment opportunities, consistent with the predictions in Nishimura and Ozaki (2007) . Given that risk has the opposite prediction with respect to investment opportunities, this finding provides further support for our investment findings as well as justification for our ambiguity and risk measures.
The rest of the paper is organized as follows. Section 2 discusses the sample and variables, while Section 3 discusses the research design and results. Additional analyses and robustness tests are presented in Section 4. Section 5 concludes.
Sample and Variable Descriptions
This section presents an overview of our sample construction as well as operational definitions for the variables used in our models.
Sample construction
We obtain financial data from the Compustat Quarterly file. Our initial sample consists of all firm-quarter observations from 1987 to 2009 with sufficient data to estimate our investment and cash holdings models. We begin our analysis in 1987, as this is the first year for which Compustat provides cash flow statement data. 6 After obtaining the intersection of CRSP and Compustat quarterly data, we remove regulated and financial firms (firms with SIC codes between 4000-4999 and 6000-6999, respectively) from our sample set, as they may have different incentive structures or regulatory restrictions on their investment behavior.
To control for ownership and governance characteristics, we collect ownership and CEO compensation data from ExecuComp and governance data from RiskMetrics. Since these databases provide annual data (rather than quarterly data), we use the beginning of the year data as the reference point for our quarterly observations. For each regression analysis, we require the observation to have all necessary data for the analysis. Since data are not available from Specifically, DISP indicates the amount of disagreement among forecasters as to their expectations of future economic conditions. Given that forecasters are experts in macroeconomics with no incentive to withhold private information, their disagreement is likely due to differences in their expectations regarding the distributions governing the forecasted data, as opposed to differential abilities in forming expectations from commonly shared information. This is more consistent with ambiguity than risk (Camerer and Weber, 1992) .
Our second proxy for ambiguity is the variance premium (VP). Drechsler (2010) models a direct link between the variance premium and Knightian uncertainty. The intuition behind the measure is that the premium arises out of investors hedging against ambiguity concerns. Prior literature (e.g., Drechsler and Yaron, 2009 ) defines the variance premium as the difference between the strike price and the expected payoff of a variance swap, where the swap's payoff is the realized variance of returns. 7 Given that the realized variance represents known volatility, or risk, any price paid above the payoff reflects unknown volatility, or ambiguity.
Empirically, VP is calculated as the difference between the risk-neutral and physical expectations of the markets' return variation. Specifically, we obtain an estimate of the risk-neutral variance expectations. Britten-Jones and Neuberger (2000) show that, for assets with continuous 7 prices, the risk-neutral expectation of the return variance is equal to the value of a portfolio of European call options. This is a 'model-free' approach, which does not depend on any particular option pricing model or its assumptions. In our study, we first use the CBOE model-free estimate of the expected variance for a 30-day contract on the S&P 500 beginning in 1990. We then calculate our conditional variance forecasts by summing the squared daily total market returns over each month. After obtaining these forecasts, we estimate a GARCH (1,1) model on the monthly time series to obtain a forecast of the physical expectations. We then calculate VP as the difference between the estimate of the risk-neutral variance expectations and the physical expectations. 
Macroeconomic control variables
To mitigate any potential bias associated with correlated omitted variables, we control for several aggregate factors known to be associated with investment decisions. Although we distinguish between risk and ambiguity on a theoretical level, we acknowledge that our empirical proxies of ambiguity -DISP and VP -may also capture some component of risk (Anderson et al., 2009) . To separate out the risk component from our ambiguity proxies, we included the market return for the period as a direct proxy for macroeconomic risk. As the asset pricing literature indicates, the expected returns for the market represent the pricing of risk undertaken with respect to investment. To control for market risk, we follow prior research (e.g., Dittmar and Dittmar, 8 2008) and use the value-weighted market returns over the quarter, ExpRET.
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In addition to controlling for risk, we control for investor sentiment, which can broadly be defined as "a belief about future cash flows and investment risks that is not justified by the facts at hand" (Baker and Wurgler, 2007) . Prior studies show that investor sentiment can impact the market pricing of capital (e.g., Baker and Wurgler, 2007; Qiu and Welch, 2006) and therefore investment (e.g., Baker et al., 2003; Polk and Sapienza, 2004 Center, which measures consumer optimism with respect to the state of the economy. Qiu and Welch (2006) find a positive relation between the CSI and the UBS/Gallup Survey. They also find that the CSI explains significant portions of 'excess' market pricing, thus reinforcing its ability to proxy for investor sentiment. Accordingly, we control for investor sentiment using the reported level of the quarterly Consumer Sentiment Index at the beginning of each fiscal quarter.
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Finally, we control for changes in aggregate economic activity by including growth in real GDP in our models. Economic indicators, such as GDP, are used to assess a country's economic output, or overall economic health. Since the health of the economy is directly tied to the amount of investment undertaken for the period, we proxy for aggregate economic output using the percentage change in GDP, ∆GDP. Specifically, we calculate ∆GDP as the percentage change in the seasonally-adjusted real GDP over that calendar quarter with the maximum overlap with a given fiscal quarter. This measure also captures any potential shifts in risk aversion due to changing 9 We note that market returns in the short-run are a poor proxy for risk, especially when those returns are negative. Therefore, in untabulated tests, we examine the sensitivity of our results to using return measures computed over longer horizons. We find that our inferences are unchanged when we measure market returns over a six, twelve, eighteen, twenty-four, or thirty-six month horizon. 10 In addition, we control for idiosyncratic or conditional volatility (ExpIdioVol) at the firm level, measured as the monthly forecasted volatility using a GARCH (1,1) for the firm at the beginning of the quarter. 11 As indicated in section 4.3.1, our results are robust to using the Baker and Wurgler (2007) sentiment measure.
labor market conditions. For example, managers might be more (less) willing to take on risky projects if their employment opportunity set has increased (decreased) because of growth (decline) in the economy.
Research Design and Results
In this section, we explore whether managers adjust their investment in capital expenditures and cash holdings in response to ambiguity. The ambiguity literature suggests that ambiguityaverse individuals tend to shift resources from risky assets to riskless assets when faced with increased ambiguity, as they assume worst-case probability measures. We apply this intuition to the specific context of capital investments and predict that managers will decrease investment in capital expenditures and increase cash holdings as ambiguity increases. We also support these results by providing evidence on the impact of ambiguity and risk on the value of investment opportunities, highlighting the distinction between these two constructs.
Ambiguity and investment
Most prior research that models investment begins with a manager who maximizes firm value by solving an investment optimization problem (Hubbard, 1998) . In these models, firms invest until the marginal adjustment cost is equal to the shadow price of capital (Tobin, 1969; Hayashi, 1982; McDonald and Siegel, 1986; Whited, 1992; Brealey and Myers, 2003; Nishimura and Ozaki, 2007) . 12 Typically, these models identify investment as a function of investment opportunities using either Tobin's Q or sales growth; however, since we argue that ambiguity affects investment via investment opportunities, our model requires a proxy for investment opportunities that is exogenous to ambiguity.
12 Related investment papers include early analytical work by Lee (1988) , who models the timing decision on investment, and Trivoli and McDaniel (1987) , who model the role of uncertainty in capital rationing decisions.
To address this issue, we model a firm's investment decision using the investment Euler equation following Gilchrist and Himmelberg (1998) In this section, we reproduce the investment Euler equations as in Gilchrist and Himmelberg (1998) and Love (2003) . Although the model is simplified, this simplification does not affect the first-order conditions for investment, our main outcome of interest. In this model, managers maximize the present value of the firm, which is the expected present value of future cash flows subject to capital accumulation and external financing constraints, as follows:
(1) subject to the constraints
In the above model, t CF represents the net cash flows of the firm and is given by a profit function,
, which is already maximized; the adjustment cost of investment, ) , ( We next rearrange the first-order conditions to the above optimization problem to obtain the Euler equation (Love, 2003) :
where I C   / is the marginal adjustment cost of investment,
is the marginal product of capital (referred to as MPK), and
is the relative shadow cost of external financing in periods t and 1  t . Note that the left hand side of equation 5 represents the marginal adjustment cost of investing today plus the price of investment goods (normalized to one), while the right hand side represents the discounted marginal cost of investing tomorrow. That is, the right hand side captures the opportunity cost of one additional unit of capital (i.e., MPK), the marginal adjustment cost of investing tomorrow, and the price of investing tomorrow (again normalized to one). Overall, the Euler equation suggests that the cost of investing today should equal the cost of investing tomorrow in present value terms.
3.1.2. Implementing the model 15 If a firm is constrained, it will be unable to have negative cash flows (i.e., issue equity).
We implement the above model following Love (2003) . Specifically, we parameterize t  as a linear function of the firm's stock of cash and cash equivalents (i.e., liquid assets):
where i a is the firm-specific level of financing constraints, captured as a firm fixed effect.
The marginal product of capital (MPK) is derived from the firms' profit maximization problem as a function of the sales-to-capital ratio, i.e., MPK =
. 16 We assume that the parameter  is firm specific and empirically captured by the following approximation:
where  is the average of all A is the total factor productivity, y is output, k is capital stock and l is any variable factor input. Assume that the firm faces an inverse demand curve ) ( y p , factor prices w , and fixed costs F , the profit function then is:
. The MPK can be obtained by solving this maximization problem and applying the envelope
is the price elasticity of demand, k  is the capital share of output from the Cobb-Douglas specification, and py s  is the firm's sales. See Gilchrist and Himmelberg (1998) for details and arguments supporting the use of this measure.
Empirical investment model
To obtain our empirical model, we substitute equations 6 to 8 into equation 5. However, doing so creates a highly non-linear model with several firm-specific parameters: a i , i  , and i v .
To capture these parameters with one firm fixed effect, we linearize the model following Gilchrist and Himmelberg (1998) and Love (2003) . Specifically, we linearize the product of t  , t  , and the marginal benefit from investment, denoted {.}t, using a first-order Taylor approximation around the means. Since t  could be above or below one, its mean value should be around one (Love, 2003) . Denoting the unconditional mean of the expression as  and the average discount factor as  , the approximation is as follows:
We assume that the higher order terms in the approximation are captured by time and firm fixed effects. In untabulated robustness tests, we also include quadratic terms in our equations and find that our inferences are unaffected. After the required substitutions, linearization, and imposition of a rational expectations assumption (by replacing the expectations with realized values plus an error term), we obtain the following empirical model:
where the coefficients are related to the model parameters as follows:
We then add our proxies for ambiguity, sentiment, and risk to equation 10. Specifically, we include macro-level controls, ExpRET, CSI, and GDP, to mitigate the concern that alternative explanations related to risk, investor sentiment, or general macroeconomic conditions drive our findings. We also control for a number of firm-level variables that might affect investment. First, since Panousi and Papanikolaou (2010) indicate that idiosyncratic risk can impact investment decisions, we include a measure of the expected firm-specific idiosyncratic risk, ExpIdioVol. We measure ExpIdioVol as the monthly forecasted idiosyncratic volatility using a GARCH (1,1) for the firm at the beginning of the quarter. To further capture the effect of volatility on managers' investment decisions, we also include an earnings-based measure of volatility, EarnVol, defined as the standard deviation of EBIT scaled by total assets calculated over a period of 12 quarters.
Furthermore, prior investment research (e.g., Almeida and Campello, 2002; Almeida et al., 2004; Hirth and Uhrig-Homburg, 2010) finds that financing constraints can affect investment decisions. Consequently, we control for the possible effect of financing constraints (Z-Score) by including the inverse of the Altman Z-score ratio (Altman, 1968) . Lastly, we include controls for managerial compensation (%Options) and governance characteristics (CEO Ownership, DualRole, #Directors and %IndepDir) to capture agency costs that may affect a firm's investment decisions (e.g., Masulis et al., 2009) . CEO Ownership is defined as the number of shares owned by the firm's CEO, scaled by the total common shares outstanding. We define %Options as the ratio of the Black-Scholes value of options granted to total compensation. DualRole is an indicator variable that takes a value of one for firms where the CEO is also the president of the board, and zero otherwise. #Directors and %IndepDir are the log of the number of directors and the proportion of independent directors on the board, respectively (see the Appendix for a more detailed description of the variables). Table 2 provides the descriptive statistics for the ambiguity measures as well as the macro-level and firm-level control variables.
As stated previously, if firms' investment decisions are affected by macroeconomic ambiguity, the standard Euler equation will be misspecified, and thus our proxies for ambiguity may play a role in these investment decisions. We now estimate the model as follows (firm subscripts omitted):
Our main variable of interest in equation (11) is Ambiguity, defined as either VP or DISP. If our hypothesis holds, we would expect a negative and statistically significant coefficient on Ambiguity (β5<0). Note that the first four variables in equation (11) We report the results from estimating our investment model (equation 11) in Table 3 , using each of our ambiguity measures-VP and DISP. We also provide results controlling only for macroeconomic factors, volatility and financing constraints (first and third set of results). We then provide results controlling for these variables as well as our compensation and governance control variables (second and fourth set of results). Providing both sets of results allows us to balance sample size and control specification.
For the analysis in Table 3 , we relax the assumption that error terms are independent across our outcomes of interest (i.e., investment and cash holdings). Specifically, we use seemingly unrelated regressions (SUR) to estimate both the investment regression and the cash holding regression (described in Section 3.2) jointly, to allow errors to be correlated across equations.
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For all of our empirical models, to account for the impact of CEO and time fixed effects, we estimate a first stage regression, where we first regress all dependent and independent variables on CEO and time fixed effects and then include the residuals (i.e., the demeaned variables) in our main models. We use CEO fixed effects in lieu of firm fixed effects to allow for the possibility that CEOs are differentially ambiguity averse. However, our results are robust to using a firm fixed effects model instead. 20 We cluster standard errors by firm and quarter in the SUR estimation.
Consistent with our expectations, the coefficient estimates on both VP and DISP are negative and statistically significant across all four specifications. This indicates that increases in ambiguity result in decreases in managerial investment, after controlling for other factors known to affect investment. The results also indicate that idiosyncratic return volatility is negatively associated with investment, consistent with findings in Panousi and Papanikolaou (2012) .
However, we do not find a relation between market returns and investment. This may be because ambiguity is the main driver of managerial investment decisions at the macro level (Anderson et al., 2009 ).
Economically speaking, we find that a one standard deviation in VP (DISP) leads to a 1.55% (3.74%) decrease in a firm's investment. Although the economic magnitude of ambiguity may seem relatively small, we note that it is comparable to that of our risk measures. For example, the economic significance of VP (-1.55%) is higher than that of ExpRet (-0.51%), EarnVol (0.12%), and Z-Score (-0.06%), but lower than that for ExpIdioVol (-2.28%). Moreover, the 19 When we test the residual correlation across the investment and cash holdings models, we find a correlation of 0.0234 (p-value <0.01), supporting our use of SUR. We also verify the robustness of our inferences to an alternate investment model (see section 4.1) and an alternate estimation method, Generalized Method of Moments (see section 4.4). 20 Although we use the demeaned variables for ease of interpretation, we also run the regression without demeaning the variables and including CEO indicators and results are robust. We further find that CSI is positive and statistically significant, indicating that when investors are optimistic about the economy, investment increases. Finally, consistent with prior investment research, we find that a firm's executive compensation and some board characteristics (e.g., the dual role of CEO and president of the board and the proportion of independent directors on the board) also impact its investment level, highlighting the importance of controlling for these characteristics when assessing the impact of ambiguity on investment.
Ambiguity and cash holdings
We next examine whether ambiguity impacts cash holdings by constructing a firm-quarter cash holdings model. In particular, we estimate the following regression using seemingly unrelated regressions (firm subscripts omitted): Table 2 .
These control variables are defined as follows: Q is the market value of assets, scaled by the book value of assets; Size is the natural logarithm of the market value of equity; CFO is the cash flows from operations reported in the statement of cash flow, scaled by total assets; Working Capital is the difference between non-cash current assets and current liabilities scaled by total assets; I/A is the amount of capital expenditures, scaled by total assets; Lev is the sum of shortterm debt and long-term debt, scaled by total assets; R&D is the cost incurred to develop new products or services, scaled by total assets, and is coded as zero if missing; Dividend is an indicator variable set to 1 if the firm paid a dividend in the quarter and zero otherwise; and ∆CASHi,t is the change (from period t-1 to period t) in cash and cash equivalents, scaled by total assets. We compute the total assets in the denominators of all variables as assets less Cash.
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Second, we include controls for investor sentiment (CSI), general macroeconomic conditions (GDP) and risk (ExpRET). We also control for a firm's stock price volatility (ExpIdioVol) and earnings volatility (EarnVol), as prior research (e.g., Ozkan and Ozkan 2004; Kim et al., 1998) argues that volatility is an important determinant of cash holdings. To control for financial constraints, we supplement the R&D measure from Opler et al. (1999) with the inverse of the Altman Z-score ratio (Kim et al., 1998; Garcia-Teruel and Martinez-Solano, 2008) .
As in our investment regression, we control for both executive compensation (%Options) and governance characteristics (CEO Ownership, DualRole, #Directors and %IndepDir) to capture any agency costs that may affect a firm's cash holding decisions (Ozkan and Ozkan 2004) . These variables are defined as before. Table 4 provides the results from estimating our cash holdings model (equation 12).
Specifically, when we measure ambiguity as the variance premium (VP), we find that the coefficient of ambiguity is positively and statistically significant at the 5% level, consistent with our expectations. However, when ambiguity is defined as the dispersion in quarterly corporate profit forecasts (DISP), the coefficient of DISP is not statistically significant at conventional statistical significance levels. Economically speaking, a one standard deviation in VP leads to a 0.35% increase in cash holdings, which is comparable in magnitude to the impact of our risk measures.
Further, we find that cash holdings are positively correlated with both Q and cash flows, and negatively correlated with size, leverage, net working capital and dividends. In addition, consistent with our expectations, we find that the lagged values of cash holdings are a strong predictor of a firm's current cash holdings. We also find that the coefficient on CSI is negative and statistically significant, indicating that, when investors are optimistic about the economy, cash holdings decrease.
Ambiguity, risk and investment opportunities
To further support our findings that ambiguity impacts managerial investment behavior, we examine the effect of ambiguity on the value of a firm's investment opportunities. To do so, we draw on intuition developed in Nishimura and Ozaki (2007) , who use a real options framework to analytically model irreversible investment under ambiguity. In their study, they find that both an increase in risk and an increase in ambiguity reduce irreversible investment. However, they also find that an increase in ambiguity decreases the value of irreversible investment opportunities, whereas an increase in risk increases the value.
The intuition for these predictions is best illustrated with an example (adapted from Nishimura and Ozaki (2007) ). In particular, consider a risk-neutral firm contemplating whether to expand operations (e.g., build a new factory) in response to a demand shock. 24 Suppose that there are two periods-period 0 and period 1. Further, suppose that there is no uncertainty in period 0, and that represents the profit from selling products in period 0. In period 1, the operating profit is , which can be either or depending on whether there is a boom (where the demand shock persists) or a slump (where the demand subsides), respectively. In order to expand operations and exploit the opportunity, the firm must invest , where < < . The firm can choose to invest in period 0 or period 1. Let be the probability of boom in period 1 and be the discount rate. As Nishimura and Ozaki (2007) illustrate, if the firm expands operations (i.e., invests) in period 0, the present value of expected cash flows becomes:
whereas if it postpones investment until period 1, the present value of expected cash flows is:
24 Note that the risk-neutral assumption is not a necessary condition for this intuition to hold. Nishimura and Ozaki (2004) consider a model where the decision-maker is both risk-averse and uncertainty-averse, and find similar results.
since period 1's cash flow is in a boom and zero in a slump. 25 Absent ambiguity, the firm feels confident that the boom probability is . Therefore, the firm compares (13) and (14) to determine the optimal timing for its investment.
However, it is unlikely that a firm is certain about the probability of a boom, and thus more likely that the firm has a set of boom probabilities ( ). Further, the firm may not even be certain about the relative likelihoods of these boom probabilities. In such a scenario, ambiguity theory proposes a set of axioms under which the firm evaluates an investment opportunity using that probability corresponding to its worst-case probability measure. Therefore, (13) is replaced by:
since > , and (6) is now:
Let us now examine the differential impact between an increase in risk and an increase in ambiguity on the value of investment opportunities. Assume that , where captures an increase in ambiguity. That is, characterizes the degree of managerial confidence in the estimate of . By contrast, we characterize an increase in risk as the meanpreserving spread of the second-period operating profit, . 25 Note that the value of an investment opportunity under the NPV rule is simply the outcome from (5). However, in a real-options framework, the value of investment opportunities includes the value of the option to postpone investment projects until more information becomes available. Hence, the value of the opportunity is the sum of the expected value of investing in period 0 (i.e., NPV today) and the value of the option to wait.
Suppose now that there is no ambiguity; however risk is increased such that the spread of now becomes . In this case, it is clear from (14) that the meanpreserving spread will always increase the value of the investment opportunity, as it increases the value of the option to postpone investment. Intuitively, this is because an increase in risk implies that when a firm waits, it can exploit the investment opportunity in the future, after uncertainty about the future state of the world is resolved. At the same time, an increase in risk does not impact the expected value of exploiting the investment opportunity today (see (13)). Therefore, the value of the investment opportunity will increase with an increase in risk.
Now suppose that ambiguity exists, but risk does not. In this case, the value of exploiting the investment opportunity in period 0 is characterized by (15), while the value of exploiting the opportunity in period 1 is characterized by (16). Expressions (15) and (16) show that an increase in decreases the lower bound of the set of possible boom state probabilities, P, and hence, decreases the value of investing in either period 0 or period 1. Therefore, the value of the investment opportunity decreases with an increase in ambiguity. Since managers assume the worstcase probability measure when ambiguity increases, the value of the investment opportunity decreases.
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Now that we have developed the intuition behind these predictions, we empirically test them using Tobin's Q (Q) as a proxy for investment opportunities. In particular, we regress Q on our macroeconomic ambiguity and risk measures as well as on our aggregate controls for economic 26 Note that managers need not assume the worst-case for our predictions to hold. Managers could simply assume more conservative estimates than they would under risk. Allowing ε to take on any value in the set captures this notion. Moreover, Nishimura and Ozaki (2007) show that the predictions from our two-period, two-state example generalize to a continuous time framework.
growth and investor sentiment and firm-level variables shown to be associated with Q (Yermack, 1996; Allayannis and Weston, 2001; Coles et al., 2008) . This yields:
where Ambiguity represents one of our two ambiguity measures: VP or DISP, and all the other variables are defined as earlier. Note that, unlike the investment and cash holding analyses, where the outcomes of interest were firm decisions over the quarter, in the Q analysis, we examine expectations going into the quarter. Therefore, we measure all of our control variables contemporaneously to Q. Table 5 reports the results from estimating the investment opportunity model using ordinary least squares regressions. As shown in Table 5 , we find that the coefficient estimates of VP and DISP are negative and statistically significant at the 5% and 1% level or better, respectively, supporting our hypothesis that greater ambiguity reduces the value of investment opportunities. Conversely, we find that ExpRET is positive and statistically significant at the 1% level across all regressions, suggesting that macroeconomic risk increases the variance of potential investment payoffs, and thus the value of the investment opportunities. 27 The coefficient estimates on ExpIdioVol are also positive and statistically significant at the 1% level, suggesting that firmspecific risk also has a significant impact on investment opportunities. Economically speaking, a one standard deviation in VP (DISP) leads to a 0.80% (3.03%) decrease in the value of a firm's investment opportunities, which is comparable in magnitude to the impact of our risk measures.
Taken together, these findings support our hypothesis that ambiguity (risk) decreases (increases) the value of investment opportunities for a firm.
Robustness

Alternate investment model specification
In the neoclassical investment models, marginal q is the only determinant of investment (Tobin, 1969; Hayashi, 1982) . However, subsequent research identifies frictions arising from the separation of ownership and control, which may cause deviations from the neoclassical prediction. 28 Further, since marginal q is unobservable, and measurement error may prevent the proxies from completely controlling for investment opportunities (e.g., Erickson and Whited, 2000) , we use an Euler equation approach to address these issues.
To test the robustness of our results, we empirically model investment using sales growth in the prior period (SalesGrowth) as the proxy for investment opportunities following prior literature (Wurgler, 2000; Lang et al., 1996; Billett et al., 2007; Kolasinski, 2009; Badertscher et al., 2013) . We also include the age of the firm (Age) as a firm's life cycle may be correlated with its investment opportunities (Rauh, 2006) . We further include CFO, Cash and Lev to capture capital constraints, following Lang et al. (1996) and Denis and Sibilkov (2010) . These additions yield the following pooled regression using ordinary least squares (firm subscripts are omitted):
where SalesGrowth is the change in sales for period t-1, and Age is the natural logarithm of the difference between the first year the firm enters Compustat and the beginning of period t. All other 28 See Hubbard (1998) for a review of the literature.
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variables are measured as before. We include the investment in both the previous quarter (I/At-1) and the same quarter the previous year (I/At-4), to control for any firm-specific component of investment not captured by the other variables.
In Table 6 , we report the coefficient estimates and p-values from estimating our alternate investment model (equation 18). Consistent with our earlier findings in Table 3 and ambiguity theory, our ambiguity measures, VP and DISP, are each negatively associated with investment.
Results on our risk, sentiment and economic growth measures are similar to those found in Table   3 as well. In sum, this alternate investment specification supports our predictions.
Alternate cash holding model specification
To further assess the robustness of our cash holding findings, we follow Ozkan and Ozkan (2004) and estimate the following dynamic partial adjustment model of target cash holdings, where we include our ambiguity measures as well as our macro-and firm-level controls:
where Liquidity is current assets minus current liabilities and total cash, scaled by total assets, and all the other variables are defined as before. For instruments, we use Ambiguityt-2, Casht-2, CFOt-2,  where COGS is defined as the cost of goods sold, scaled by assets. 
Other robustness tests
To further test the robustness of our results, we run a battery of tests using alternative measures of our variables and alternative empirical specifications. We present the results below.
Alternate measures
 Ambiguity: Following prior research (Williams, 2010) , we use the level of the VIX as a proxy for ambiguity, and find that our inferences are unchanged.
 Sentiment: We replace the Consumer Sentiment Index with the Baker and Wurgler (2007) index of sentiment (a constructed index based on trading volume), the dividend premium, the closed-end fund discount, the number of and first-day returns on IPOs, and the equity share in new issues). Once again, we find that our inferences are unchanged.
 Economic growth:
We use the level of economic growth as opposed to the change in economic growth and find that our inferences are unchanged.
Alternate specifications  GMM Estimation of Investment Model:
Following prior literature (e.g., Love, 2003), we estimate our investment model using the generalized method of moments (GMM) and find that our results are robust to this alternative estimation method.
29 29 As instruments, we use the second lag of all independent variables plus cost of goods sold lagged two periods and industry fixed effects following Love (2003) . We also test for over-identification and find the p-value for the Hansen J-Statistic is equal to 0.2940 (DISP model) and 0.2586 (VP model), indicating that our instruments are jointly valid.
 Market Physical Expectation:
We include a control for market risk associated with conditional volatility, calculated as total volatility less the idiosyncratic volatility, ExpIdioVol. One might argue that such physical expectations are readily available to the market and therefore capture risk. To calculate the conditional variance of the market returns (VOL), we follow the same procedure as outlined in calculating VP. VOL is the resulting forecasted value for the upcoming period's physical expected variance. We obtain results consistent with our predictions and find that our inferences are qualitatively similar to those obtained from our main tests.
 Non-Linearity: Our reported specification assumes a linear relationship between ambiguity and our outcomes of interest (investment, cash holdings and investment opportunities).
However, it is possible that non-linearities in our ambiguity proxies may impact our results.
To allow for this possibility, we include a squared ambiguity term in our regressions and find that our results are robust to this inclusion.
 Quantile Regressions:
To ensure that our results are not a function of outliers, we estimate quantile regressions at the 25 th , 50 th , and 75 th percentiles. Our inferences are robust across the percentiles.
 Outliers: Lastly, we examine the robustness of our results to winsorizing the data at three different levels; 0.05, 0.02 and 0.005. Our inferences remain unchanged.
Conclusion
In this study, we empirically examine the effects of ambiguity on managerial investment and cash holding decisions. Although traditional investment theory focuses on the risk-return trade-off in investment decisions, recent theoretical research suggests that macroeconomic ambiguity may play a separate role in influencing managerial investment. Following ambiguity theory, we predict that greater ambiguity will lead managers to reduce capital expenditures and increase cash holdings. To rule out alternative explanations for our findings related to risk, investor sentiment, or economic growth, we control for market returns, the CSI, and changes in GDP, respectively. We also control for various firm-specific factors, such as agency issues, compensation, earnings volatility, lagged cash holdings, and financing constraints. Consistent with ambiguity theory, we document that, as ambiguity increases, firms both decrease investment and increase cash holdings.
To provide further support for our findings, we examine the effect of ambiguity on the value of investment opportunities. Drawing on the intuition developed in Nishimura and Ozaki (2007), we predict that an increase in ambiguity will decrease the value of investment opportunities, whereas an increase in risk will increase the value of investment opportunities. We provide empirical evidence consistent with this prediction.
This study offers several contributions. First, we contribute to the ambiguity and investment literatures by providing empirical evidence regarding the impact of ambiguity on managerial investment decision-making, and showing that this impact holds after controlling for various market and firm-specific factors. Second, we provide evidence as to the manner in which ambiguity affects corporate cash holdings. Finally, our empirical evidence on the relation between ambiguity and investment opportunities provides support for the use of our ambiguity and risk measures.
Appendix -Variable Definitions
Variable Definition I/ K = capital expenditures (CAPXY) scaled by beginning period capital (PPENTQ -CAPEXY + DAQ) Cash = cash plus cash equivalents (CHEQ) scaled by total assets (ATQ) Q = market value of assets scaled by the book value of assets (ATQ) VP = variance premium calculated over the last month of the prior quarter DISP = dispersion in quarterly corporate profit forecasts from the Survey of Professional Forecasters S/K = sales (REVTQ) scaled by beginning period Capital (PPENTQ -CAPEXY + DAQ) Size = natural logarithm of the market value of equity (PRCCQ x CSHOQ) CFO = cash flows from operations reported in the statement of cash flow (OANCFQ) scaled by total assets (ATQ) Working Capital = difference between non-cash current assets (ACTQ less CHEQ) and current liabilities (LCTQ) scaled by total assets (ATQ) I/A = capital expenditures (CAPXY) scaled by total assets (ATQ) Lev = sum of short-term debt and long-term debt (LTQ), scaled by total assets (ATQ) R&D = cost incurred to develop new products or services (XRDY) scaled by total assets (ATQ), and is coded as zero if missing Dividend = an indicator variable set to 1 if the firm paid a dividend in the quarter (DVY), zero otherwise ∆Cash = change in cash and cash equivalents (CHEQ) scaled by total assets (ATQ) CSI = reported level of the quarterly Consumer Sentiment Index constructed by the Michigan Consumer Research Center at the beginning of each fiscal quarter ∆GDP = percentage change in seasonally-adjusted real GDP over the calendar quarter with the maximum overlap with each fiscal quarter ExpRET = value-weighted market return over the quarter ExpIdioVol = monthly forecasted idiosyncratic volatility using a GARCH (1,1) for the firm at the beginning of the quarter. To calculate the idiosyncratic volatility used in the forecasts over the month, we sum the squared daily residuals from a firm specific regression of daily returns on the Fama-French three factors Z-Scoret = inverse of the Altman Z-score ratio (Altman, 1968) calculated as:
EarnVol = standard deviation of EBIT (PIQ+XINTQ) scaled by total assets (ATQ) calculated over a period of 12 quarters %Options = ratio of the Black-Scholes value of options granted (OPTION_AWARDS_BLK_VALUE) scaled by total compensation (TDC1) CEO Ownership = the number of shares owned by the CEO scaled by total common shares outstanding DualRole = indicator variable that takes a value of one for firms where the CEO is also the president of the board and zero otherwise #Directors = natural logarithm of the number of directors %IndepDir = number of independent directors scaled by the total number of directors on the board Table 1 -Sample Selection   This table reports the sample selection process for the samples used in our main analyses (Tables 3, 4 and 5). In parentheses, we indicate the database from which we collect the data for each of the variables. This table reports summary statistics for our measures of investment, cash holdings, investment opportunities, ambiguity, macroeconomic controls, and firm-level controls. I/K is capital expenditures scaled by beginning period Capital. Cash is cash plus cash equivalents scaled by total assets. Q is the market value of assets scaled by the book value of assets. VP is the variance premium calculated over the last month of the prior quarter. DISP is the dispersion in quarterly corporate profit forecasts from the Survey of Professional Forecasters. S/K is the ratio of sales to beginning period capital. Size is the natural logarithm of the market value of equity. CFO is the cash flows from operations reported in the statement of cash flow scaled by total assets. Working Capital is the difference between non-cash current assets and current liabilities scaled by total assets. I/A is capital expenditures scaled by total assets. Lev is the sum of short-term debt and long-term debt scaled by total assets. R&D is the cost incurred to develop new products or services scaled by total assets and are coded as zero if missing. Dividend is an indicator variable set to 1 if the firm paid a dividend in the quarter, zero otherwise. ∆Cash is the change in cash and cash equivalents scaled by total assets. CSI is the last reported level of the quarterly consumer sentiment index constructed by the Michigan Consumer Research Center at the beginning of each fiscal quarter. GDP is the percentage change in seasonally adjusted real GDP over the calendar quarter with the maximum overlap with each fiscal quarter. ExpRET in the value weighed market return over the following fiscal quarter. ExpIdioVol is firm specific conditional volatility. Z-Score is the inverse of the Altman Z-score ratio (Altman, 1968) . EarnVol the standard deviation of EBIT scaled by total assets calculated over the prior 12 quarters. %Options is the ratio of the Black-Scholes value of options granted/total compensation. CEO Ownership is the number of shares owned by the CEO scaled by total common shares outstanding.
VP
DualRole is an indicator variable that takes a value of one for firms where the CEO is also the president of the board, and zero otherwise. #Directors is the natural logarithm of the number of directors. %IndepDir is the number of independent directors scaled by the total number directors on the board. Liquidity is current asset minus current liabilities and total cash scaled by total assets. Age is the age of the firm in years. Center at the beginning of each fiscal quarter. GDP is the percentage change in seasonally-adjusted real GDP over the calendar quarter with the maximum overlap with each fiscal quarter. ExpRET is the value weighted market return over the following fiscal quarter. ExpIdioVOL is firm-specific conditional volatility for the following quarter. Z-Score is the inverse of the Altman Z-score ratio (Altman, 1968) . EarnVol is the standard deviation of EBIT, scaled by total assets calculated over the prior 12 quarters. %Options is the ratio of the Black-Scholes value of options granted/total compensation. CEO Ownership is the number of shares owned by the CEO scaled by total common shares outstanding. DualRole is an indicator variable that takes a value of one for firms where the CEO is also the president of the board, and zero otherwise. #Directors is the natural logarithm of the number of directors. %IndepDir is the number of independent directors, scaled by the total number directors on the board. All variables are regressed on CEO and time fixed effects in a first stage regression, then these demeaned variables are used in the main analysis. The standard errors are clustered by firm and quarter (Petersen, 2009 Size is the natural logarithm of the market value of equity. CFO is the cash flows from operations reported in the statement of cash flow scaled by total assets. Working Capital is the difference between non-cash current assets and current liabilities scaled by total assets. I/A is capital expenditures scaled by total assets. Lev is the sum of short-term debt and long-term debt scaled by total assets. R&D is the cost incurred to develop new products or services scaled by total assets. Dividend is an indicator variable set to one if the firm paid a dividend in the quarter, zero otherwise. CSI is the last reported level of the quarterly Consumer Sentiment Index constructed by the Michigan Consumer Research Center at the beginning of each fiscal quarter. GDP is the percentage change in seasonally-adjusted real GDP over the calendar quarter with the maximum overlap with each fiscal quarter. ExpRET is the value-weighted market return over the following fiscal quarter. ExpIdioVOL is firm-specific conditional volatility for the following quarter. Z-Score is the inverse of the Altman Z-score ratio (Altman, 1968) . EarnVol is the standard deviation of EBIT scaled by total assets calculated over the prior 12 quarters. %Options is the ratio of the Black-Scholes value of options granted/total compensation. CEO Ownership is the number of shares owned by the CEO scaled by total common shares outstanding. DualRole is an indicator variable that takes a value of one for firms where the CEO is also the president of the board, and zero otherwise. #Directors is the natural logarithm of the number of directors. %IndepDir is the number of independent directors scaled by the total number directors on the board. All variables are regressed on CEO and time fixed effects in a first stage regression, then these demeaned variables are used in the main analysis. The standard errors are clustered by firm and quarter (Petersen, 2009 ExpRET is the value-weighted market return over the following fiscal quarter. ExpIdioVOL is firm specific conditional volatility for the following quarter. Z-Score is the inverse of the Altman Z-score ratio (Altman, 1968) . EarnVol is the standard deviation of EBIT scaled by total assets calculated over the prior 12 quarters. %Options is the ratio of the Black-Scholes value of options granted/total compensation. CEO Ownership is the number of shares owned by the CEO scaled by total common shares outstanding.
DualRole is an indicator variable that takes a value of one for firms where the CEO is also the president of the board, and zero otherwise. #Directors is the natural logarithm of the number of directors. %IndepDir is the number of independent directors scaled by the total number directors on the board. All variables are regressed on CEO and time fixed effects in a first stage regression, then these demeaned variables are used in the main analysis. The standard errors are clustered by firm and quarter (Petersen, 2009 DISP is the dispersion in quarterly corporate profit forecasts from the Survey of Professional Forecasters. Sales Growth is the change in sales over the quarter scaled by assets. CFO is the cash flows from operations reported in the statement of cash flow scaled by total assets. Cash is cash and cash equivalents scaled by total assets. Lev is the sum of short-term debt and long-term debt scaled by total assets. Size is the natural logarithm of the market value of equity. Age is the age of the firm in years. CSI is the last reported level of the quarterly Consumer Sentiment Index constructed by the Michigan Consumer Research Center at the beginning of each fiscal quarter. GDP is the percentage change in seasonally adjusted real GDP over the calendar quarter with the maximum overlap with each fiscal quarter. ExpRET is the value-weighted market return over the following fiscal quarter. ExpIdioVOL is firm specific conditional volatility for the following quarter. Z-Score is the inverse of the Altman Z-score ratio (Altman, 1968) . EarnVol is the standard deviation of EBIT scaled by total assets calculated over the prior 12 quarters. %Options is the ratio of the Black-Scholes value of options granted/total compensation. CEO Ownership is the number of shares owned by the CEO scaled by total common shares outstanding. DualRole is an indicator variable that takes a value of one for firms where the CEO is also the president of the board, and zero otherwise. #Directors is the natural logarithm of the number of directors. %IndepDir is the number of independent directors scaled by the total number directors on the board. All variables are regressed on CEO and time fixed effects in a first stage regression, then these demeaned variables are used in the main analysis. The standard errors are clustered by firm and quarter (Petersen, 2009 This table reports the results obtained from our estimation of quarterly data by GMM, where Cash (cash and cash equivalents scaled by total assets) is the dependent variable. VP is the variance premium calculated over the last month of the prior quarter. DISP is the dispersion in quarterly corporate profit forecasts from the Survey of Professional Forecasters. CFO is the cash flows from operations reported in the statement of cash flow scaled by total assets. Liquidity is current asset minus current liabilities and total cash scaled by total assets. Lev is the sum of short-term debt and long-term debt scaled by total assets. Q is the market value of assets scaled by the book value of assets. Size is the natural logarithm of the market value of equity. Dividend is an indicator variable set to one if the firm paid a dividend in the quarter, zero otherwise. CSI is the last reported level of the quarterly Consumer Sentiment Index constructed by the Michigan Consumer Research Center at the beginning of each fiscal quarter. GDP is the percentage change in seasonally-adjusted real GDP over the calendar quarter with the maximum overlap with each fiscal quarter. ExpRET is the value-weighted market return over the following fiscal quarter. ExpIdioVOL is firm specific conditional volatility for the following quarter. Z-Score is the inverse of the Altman Zscore ratio (Altman, 1968) . EarnVol is the standard deviation of EBIT, scaled by total assets calculated over the prior 12 quarters, %Options is the ratio of the Black-Scholes value of options granted/Total compensation. CEO Ownership is the number of shares owned by the CEO, scaled by total common shares outstanding. DualRole is an indicator variable that takes a value of one for firms where the CEO is also the president of the board, and zero otherwise. #Directors is the natural logarithm of the number of directors. %IndepDir is the number of independent directors scaled by the total number directors on the board. All variables are regressed on CEO and time fixed effects in a first stage regression, then these demeaned variables are used in the main analysis. The standard errors are clustered by firm and quarter (Petersen, 2009 
